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ABSTRACT

Observations made by the specially instrumented aircraft, operated by the National Hurricane Research Project,
establish the occurrence of dynamic instability, notably in the form of anomalous winds in the upper troposphere

above hurricane Daisy, shortly after its inception.

It is inferred that the dynamic instability released by these

anomalous winds, which represent anticyclonic rotation in space, triggered Daisy’s development.
Since the observed dynamic instability occurred on a mesoscale, the above inference is not amenable to direct

verification from synoptic maps.

However, synoptic conditions favorable for the development of anomalous winds

are discussed and it is found that these conditions prevailed in the upper troposphere directly above Daisy and Gracie

a short time before they reached hurricane intensity.

The role of negative absolute vorticity is shown to vary.
factor which is nonetheless important in channeling outflow at the top of the hurricane.

In the presence of anomalous winds it is a stabilizing
With normal winds, nega-

tive absolute vorticity is a destabilizing agent and some evidence is presented that it may also be responsible for

initiating the development of certain hurricanes.

1. INTRODUCTION

Hurricanes are thermally driven circulations whose
main source of energy is the latent heat of condensation.
To make this heat source available, organized ascent of air
must occur in the hurricane core, and there are compelling
reasons to belive that a substantial proportion of the
ascending air must come from the surface layers since
only air from these layers contains enough heat and mois-
ture to bring about density changes of the magnitude
observed in hurricanes [10].

In addition, hurricanes are energy cxporting systems.
The mechanical energy they generate is only a small
fraction of the heat released inside themn, and the main-
tenance of their circulation is dependent on the removal
of this heat excess. Palmén and Riehl [9] have shown
that no cold source of sufficient magnitude to absorb this
excess of heat exists within the hurricane circulation.
Heat removal must therefore be accomplished by outflow
to the surrounding atmosphere.

For the above reasons, it would seem. that among the
essential requirements for hurricane occurrence and main-
tenance is a mechanism which is capable of inducing
organized ascent of air from the surface and of evacuating
this air at the top of the storm. Whereas the necessity
for such a mechanism has been recognized, its precise
nature and the combination of circumstances attending
its release have so far defied an exact formulation which
is backed by observational evidence.

The purpose of this present paper is to provide observa-
tional evidence in support of the hypothesis that the

mechanisin in question is in the nature of dynamnic in-
stability which, under suitable circumstances, develops
above a pre-existing disturbance in the easterlies and
triggers its intensification into a hurricane. This concept
is, of course, not new. For instance, Sawyer [11] and
Kleinschmidt [7] have both invoked it in explaining
hurricane formation. Both these authors, however,
visualize dynamic instability to be released with the
occurrence of negative absolute vorticity. On the other
hand, it has been the opinion of the author [2] that the
mechanism In question is likely to be in the form of
anomalous winds which represent anticyclonic rotation
in space. A measure of observational evidence now
exists in support of this view and is presented below.

2. SYNOPTIC HISTORY AND OBSERVATIONAL
SOURCES

During the past few years, the specially instrumented
aircraft, operated by the National Hurricane Research
Project (NHRP) for the purpose of making detailed
observations in and near hurricane cores, have provided a
valuable new source of information for the study of these
atmospheric phenomena.!

Among the most successful missions accomplished
were those flown in and around hurricane Daisy which
presented a well-defined and concentrated wind -circu-
lation and a clear-cut radar configuration, facilitating
the location of the storm. core.

I A discussion of the characteristics and properties of the instrumentation has been given
by ililleary and Christensen [6].
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FiGURE 1.—250-mb. contours: (a) 0000 emrT, August 23, 1958.
The dashed-dotted line shows the surface position of the easterly
wave which later developed into hurricane Daisy. (b) 1200
eMT, August 23, 1958. The black dot shows the surface position
of the low pressure center. (c) 0000 amT, August 24, 1958.
The black dot shows the surface position of the tropical disturb-
ance which reached hurricane intensity on the next day.
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Hurricane Daisy developed on August 24, 1958, in an
easterly wave which had moved westward from the eastern
Atlantic Ocean. At 0000 emT, August 23, the wave was
located near the Windward Passage and was of average
amplitude. Twelve hours later a weak low pressure
center appeared some distance to the north of Haiti.
At 0000 emT, August 24, the minimum pressure was about
1010 mb, Figure 1 shows the position of the surface
disturbance on the above dates superposed on the cor-
responding 250-mb. contour fields. Rapid intensification
occurred at about the time of the last map, and shortly
after, a U.S. Navy reconnaissance plane located an eye
formation with maximum winds of about 50 kt. and a
minimum pressure of 1002 mb. By 1200 e¢mT, August 25,
the maximum winds in the core were 70 kt. It was at
this time that the NHRP aircraft made their first pene-
tration into Daisy. During the next few days, the hur-
ricane remained fairly close to the Florida coast and to
the Operations Base of NHRP which, at that time, was
situated in West Palm Beach, Fla. This allowed several
lengthy missions to be flown at different levels in and
around the hurricane core on four consecutive days
ending on August 28 when Daisy had reached and passed
its peak intensity.

Among the elements measured by the aircraft were the
wind, the temperature, the radio altitude, and the pressure
altitude. Quasi-instantaneous values of these parameters
were punched on cards at specified intervals ranging from
10 seconds away from the core to 2 seconds in the core.
The punched cards were then evaluated by machine proe-
essing and the various parameters were plotted on a
coordinate system fixed with respect to the center of
the storm.

The data selected and processed in the above manner
represent an impressive amount of detailed information
which has already provided material for several studies
including a detailed description of the structure of hurri-
cane Duisy [4]. They constitute one of the principal ob-
servational sources which will be utilized in discussing
the role of dynamic instability in triggering hurricane
formation.

3. OBSERVATIONAL EVIDENCE
FOR THE OCCURRENCE OF DYNAMIC INSTABILITY

To determine the occurrence of dynamic instability
above the incipient and developing hurricane, it is neces-
sary to identify the circumstances attending the release of
this type of instability. It would of course be desirable
if the required criterion could be derived for the general
case in which both the temporal and spatial variations of
the various parameters are taken into consideration.
Such an approach would be all but mathematically intrac-
table. Complications are greatly reduced if the upper
flow, where dynamic instability is expected to occur, is
approximated to a large steady circular vortex. This ap-
proximation is not far-fetched since intensification into a
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hurricane is generally observed to occur when the tropical
disturbance is situated under an upper anticyclone. The
approximation takes into account the curvature of the
upper air flow which is of crucial importance. Under
such conditions, it has been shown [3, 11, 13] that the
criterion for the release of dynamic instability may be
written with suflicient approximation

%+f)<0 (1)

where ¢,, V, R; and f respectively denote the absolute
vorticity, the wind speed, the trajectory radius of curva-
ture, and the Coriolis parameter. This criterion was
utilized to determine the occurrence of dyvnamic instability
in hurricane Daisy.

Figures 2 a-c [4] represent the wind field in the upper
troposphere above hurricane Daisy on August 25, 26, and
27, 1958 obtained by analvzing aircraft observations
referred to in section 2. Krom this analysis, values of
wind speed and direction were plotted on a rectangular
grid with points 20 n. mi. apart, and computations of
vorticity and the quantity 2V/R, were made on the IBM
650. The latter quantity was obtained from the following
relations:

If w and v denote the westerly and southerly components
of the wind, and if we define

<

y=tan~! . (2)
then
1 dy o (udv 1duw\ 1 dv d_u .
R ds % v (2’2 ds v d5'> YaT o ) (3)

If the motion of the storm is represented by the vector C
with components ¢, and ¢, In the east and north directions
respectively, and if we assumne steady state conditions,

e o]
_Ul:(u—cx) %04' Y bv/] }

Figures 3 a-c represent the vorticity fields; shaded areas
mark regions of negative absolute vorticity.? Figures
4 a-c represent corresponding fields of the quantity
2V/R,; the shading denotes areas where the wind is
anticyclonic with a speed numerically greater than the
quantity fR,/2. Such winds represent an anticyclonic
rotation in space, i.e., opposite to the earth’s rotation,
and have been termed anomalous winds; their occurrence,
properties, and significance were recently discussed by
the author [3].

¢In view of the comparatively small area under consideration the Coriolis parameter is
considered constant with a value of 7X10-5 sce.~1.
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Ficure 2.-—Wind field around hurricane Daisy [4]: (a) at 35,000
ft. on August 25, 1958; (b) at 35,000 ft. on August 26, 1958;
(e) at 34,200 ft. on August 27, 1958. (Pressure altitude, U.S.
Standard.)
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F1cure 4.—Field of the quantity 2V/R, corresponding to the wind fields of figure 2 (a-c).
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Fiqgure 5.—Dynamic instability shaded areas superimposed on the streamlines around hurricane Daisy: (a) at 35,000 ft. on August 25,
1958; (b) at 35,000 ft. on August 26, 1958; (c) at 34,200 ft. on August 27, 1958. (Pressure altitude, U.S. Standard.)
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Ficvre 6.—Cross-section of mean relative vorticity around hurri-
cane Daisy on August 25, 1958, obtained from observations by
NHRP aircraft at 35,000, 15,600, and 5,500 ft. (Pressure
altitude, U.S. Standard.)

Figures 3 and 4 show that in the upper troposphere,
above hurricane Daisy, anomalous winds and negative
absolute vorticity generally occurred in overlapping areas
and dynamic instability, according to inequality (1)
therefore occurred on the outer fringes of these areas.
These are indicated by the shaded parts of figures 5 a-c.

The most noteworthy aspect of the regions of instability
is their association with outflow [rom the hurricane. On
the 25th this occurred both in the left front and right rear
quadrants of the hurricane and coincided in both places
with a maximum in the wind speed (fig. 2a).

On the 26th (fig. 5b) the outflow was more organized
and occurred mainly along a channel which closely fol-
lowed a narrow strip of instability extending from an
anticyclonic twirl to the southwest of the hurricane,
running south of the center, then curving anticyclonically
to the north, east, and southcast following the streamlines.
In this region, figure 2b shows a jet-like configuration
which closely follows the pattern of instability.

It is thus seen that upper tropospheric outflow from
hurricane Daisy was closely related to dynamic instability
which in turn was related to the anticyclonic eddies
surrounding the cyclonic core of the hurricane. This
association of upper hurricane outflow with anticyclonie
eddies was noted by Simpson [12] in connection with
hurricane Dolly.
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Yictre 7.—Cross-section of the mean value of 2V/R,; around
hurricane Daisy on August 25, 1958, obtained from observations
by NHRP aireraft at 35,000, 15,600, and 5,500 ft. (Pressure
altitude, U.S. Standard.)

4. ROLE OF ANOMALQOUS WINDS IN TRIGGERING
HURRICANES

The question which remains to be asked is whether
dynamic instability occurred prior to the development
ol the hurricane, was thus instrumental in its formation,
or whether it was a product of hurricane development.
To provide an unequivocal answer to this question would
require detailed observations just prior to and at the time
the tropical disturbance was transformed into a hurricane.
Such observations are not available and we must therefore
base our conclusions upon such indirect evidence as the
data provide.

We note that on August 25 (fig. 5a), dynamie instability
was generated almost entirely by anomalous winds,
whereas on August 27 (fig. 5¢), it was about equally due
to anomalous winds and to negative absolute vorticity.
The preponderance of the effect of anomalous winds in
producing dynamic instability on the 25th is even more
clearly seen from figures 6 and 7 which represent cross-
sections of ¢ and 2V/R, averaged around the hurricane.
Averaging completely masks the occurrence of negative
absolute vorticity but not that of anomalous winds.

The increase, between the 25th and the 27th, of the
relative share of negative absolute vorticity in producing
dynamic instability is due to the fact that the area covered
by negative absolute vorticity increased appreciably
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Frcure 8.—Mean radial profile of relative vorticity at 35,000 ft.
(pressure altitude, U.S. Standard) around hurricane Daisy on
August 25 and 27, 1958.

between August 25 and 27 (fig. 3), whereas no such trend
is noticeable from figure 4 with regard to the area covered
by anomalous winds. Figures 8 and 9 represent the mean
radial profile of ¢ and 2V/R, in the upper troposphere
on these dates. For the 25th, all parts of the vorticity
profile are above the zero line, while for the 27th an
appreciable portion of the profile is below the line. In
contrast, nearly an equal portion of the profile of 2V/1?,
shows negative values for the 25th and the 27th, the only
difference being that, on the later date, these values are
located farther away from the eenter, thus reflecting the
increasing horizontal dimensions of the central eyeclonic
vortex.

To the extent that it is legitimate to extrapolate back-
ward in time, we may conclude that in the case under
consideration, the occurrence of anomalous winds preceded
that of negative absolute vorticity and was present at the
time the tropical disturbance was transformed into a
hurricane, which is roughly 24 hours before the first
aircraft observations were made. The instability released
by these anomalous winds would then have provided the
necessary dynamic mechanism for triggering the observed
rapid transformation.

The above conclusion is supported by the synoptic
situation in the upper troposphere above the incipient
hurricane. It should however be pointed out at this
juncture that we are now dealing with two different scales
of motion. Figures 3 and 4 show that both negative
absolute vorticity and anomalous winds are mesoscale
quantities which occur in narrow strips 1° or 2° of latitude
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Ficure 9—Mean radial profile of 2V/R, at 35,000 ft. (pressure
altitude, U.S. Standard) around hurricane Daisy on August 25
and 27, 1958.

wide, and would ordinarily filter through the usual syn-
optic network. Therefore, to detect the occurrence of
anomalous winds by direct computation from ordinary
synoptic maps may not yield conclusive results, especially
in the absence of a dense network of observations. Lack-
ing such a network and aircraft observations on a scale
sitnilar to that from which figures 3 and 4 were computed,
the best we can do is to determine whether synoptic con-
ditions were propitious to the occurrence of anomalous
winds at the critical time when the disturbance was
transformed into a hurricane.

In a recent article {3] the author has inquired into the
circumstances leading to the development of anomalous
winds and has suggested that these are likely to ocecur
when the pressure gradient force in an anticyclone in-
creases to a value very near the maximum for gradient
motion expressed by the quantity —ji2,/4. Briefly, the
argument on which this suggestion is based is the following:

From figure 10 it is seen that normal and anomalous
winds meet when the speed V=f/2k; where ki=—F,
=—1/R,; this corresponds to the maximum pressure
gradient f2/4k;. From this point, the two wind regimes
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branch out so that the difference between gradient wind
speed in the two regimes increases with decreasing pressure
gradient.

Let A be the position of a particle in an anticyclonic
air stream which is initially in normal gradient equilib-
rium, and let this equilibrium be disturbed by an increase
in the pressure gradient. Two cases may be discussed:

a. The pressure gradient force (b,) increases from P to
a value P; which is well below the maximum f?/4k’.
The wind, having become subgradient, the air particle
moves down the gradient and accelerates. Because of
its inertia, the particle may slightly overshoot the equilib-
rium speed at B, in which case it will oscillate with
decreasing amplitude about this position until balance is
finally reached.

b. The pressure gradient force increases from P to a
value P, which is very nearly equal to the maximum. In
this case, the speed of the accelerating particle, by over-
shooting the equilibrium position, may reach the value
B; which corresponds to the anomalous regime. Whereas
at B, the speed of the particle is supergradient, at B; it is
subgradient for the same pressure gradient. Thus by
overshooting the critical wind speed f/2k;, the particle
tends to continue to move toward lower pressurc and
sustain further acceleration. In short, the motion of the
particle becomes unstable.

The sequence of upper-air maps of figure 1 strongly
suggests that intensification into a hurricane occurred
only when conditions became favorable for the develop-
ment of anomalous winds above the surface disturbance.
Figures 1a and 1b show this disturbance under upper
cyclonic flow where, clearly, anomalous winds do not
occur. On the other hand, figure 1le, which corresponds
to the time of most rapid intensification, shows the
incipient hurricane under the rim of an upper high
pressure cell. This, of course, is a necessary but not
sufficient condition for the development of anomalous
winds which, as we discussed above, require anticyclonie
trajectory curvatures which are near the maximum
possible for the pressure gradient. To determine to what
extent this condition is satisfied in the present case would
require an accurate determination of both trajectory
curvatures and contour gradients; this is hardly possible
in the case of hurricane Daisy in view of the sparseness of
the upper synoptic data in the crucial area around the
storm. A rough estimate of trajectory curvature was
however obtained by constructing a sequence of 12-
hourly upper streamline maps from 0000 amT on the 23d
to 1200 amr on the 24th. In this manner, consideration
of continuity was brought to bear on the analysis, thereby
increasing the accuracy of the streamlines which were

constructed by the isogon technique. We write
L :
kt_ks_l_v at (O)

where k, denotes the streamline curvature and y/Of is
622671—62— 3
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Fraure 10.—Distribution of gradient anticyclonic wind with
pressure gradient force, illustrating a possible mechanism for
the development of anomalous winds (see text).

the local turning of the wind direction with time, taken
positive for a counterclockwise turning [5].

At 0000 amT, August 24, the contour gradient normal
to the streamlines above the surface position of the
disturbance was estimated at 5.5 ft. per degree of latitude.
The maximum anticyclonic trajectory curvature (k, mes)
corresponding to this gradient at latitude 25° is —0.7
X 107% em.”!. From the streamline map k, at this point
was —3.0 X 1078 em.~!. If the condition for the develop-
ment of anomalous winds is satisfied, i.e., if k,=k, nos,
then from equation (5)

% g—fz (—0.743.0) X1078=2.3X10"8 cm. !

If V is taken to be 15 kt., the above equation corre-
sponds to a 90° backing of the wind in 24 hours. From
the streamline maps the 24-hour backing of the wind from
1200 amt on the 24th to 1200 amt on the 25th, above the
surface position of the incipient hurricane shown in figure
le, was estimated to be about 100°.

The combination of tight contour gradient and strong
anticyclonic trajectory curveture in the upper troposphere
was again in evidence above the surface position of hurri-
cane Gracie (1959), at the time of its inception. For-
tunately, this occurred in the vicinity of a reasonably good
network of synoptic stations so that a more conclusive
test of the criterion suggested above could be made.

According to a Navy report [14] Gracie formed on an
easterly wave which was first detected near the African
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(d) 0000 amr, September 22, 1959.

The black dot shows the current surface position of the disturbance from which hurricane Gracie

developed; the dashed-dotted curve represents air trajectory directly above the surface position,

coastline on September 11, 1959. At 1200 aMT on the
17th, ship reports indicated that the wave was increasing
in intensity 750 mi. to the east of Antigua. Daily re-
connaissance flights by Navy aircraft from the 18th to
the 21st revealed little change of the low-level conditions
which were characterized by a weak center with a sea
level pressure of about 1008 mb., easterly winds of 20-30
kt. to the north of the center, and weak westerly winds
south of it.

During the afternoon and evening of the 21st, recon-
naissance reports indicated that development was taking
place. Surface pressures began falling slowly and were
accompanied by abnormally heavy precipitation. The
first warning on Gracie was issued at 1600 cmT on the 22d.
Reconnaissance aircraft reported a radar eye at 1645 oM.
In about 5 hours winds increased from 45 to 75 kt., the
central surface pressure dropped to 997 mb., and a radar
eye became clearly defined. Gracie had become a full-
fledged hurricane.

Figures 11 a-d show the 200-mb. contours on the day
the rapid development of Gracie occurred, as well as on
the two preceding days. The figures also give particle
trajectories above the surface position of the disturbance.
All maps show the disturbance under an upper anticyclone.
Figures 11a and 11b, however, indicate a fairly slack
contour gradient and almost straight trajectories above
the surface position of the storm. Obviously the criterion,
formulated above for the development of anomalous
winds, was not satisfied. At 1200 emT on the 21st (fig.
11¢), the picture had changed. The storm was under a
tight 200-mb. contour gradient and the trajectory curva-
ture began to be strongly anticyclonic. At 0000 amT
on the 22d (fig. 11d) the 200-mb. contour gradient directly
above the storm can be conservatively estimated at 20 ft.
per degree of latitude, corresponding to a minimum radius
of curvature of more than 500 km. The radius of trajec-
tory curvature directly above the incipient hurricane was
manifestly less than this quantity and the criterion for the
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development of anomalous winds was satisfied. Fourteen
hours later, the first Gracie warning was issued.

5. THE ROLE OF NEGATIVE ABSOLUTE VORTICITY
IN HURRICANE DEVELOPMENT

We have noted from figures 3 and 4 that even in the
early stages of hurricane development anomalous winds
and negative absolute vorticity occur in overlapping areas.
This represents an interesting situation which deserves
comment.

Traditionally meteorologists are accustomed to consider
negative absolute vorticity as a destabilizing factor, which
indeed 1t is under normal conditions. However in the
presence of anomalous winds, its role is reversed and, as
can be seen from inequality (1), it becomes a stabilizing
factor. Its importance in this novel capacity is however
not to be underestimated. In the absence of negative
absolute vorticity all the shaded areas in figure 4 would be
_ unstable, and it is unlikely that organized outflow chan-
nels could be maintained in such a situation in view of the
large lateral mass exchange which would occur in these
areas. The development of negative absolute vorticity
in the manner shown in figure 3 helps concentrate in-
stability and thus promotes organization of the outflow
into the well-defined channels observed in hurricanes.

The effect of negative absolute vorticity in hurricanes
is however not exclusively stabilizing. As can be seen
from figure 5, negative absolute vorticity oceurs in small
areas where the wind is not anomalous; such areas are
unstable. Furthermore, there are cases in which the
initial instability responsible for triggering hurricane
formation appears to be attributable to negative absolute
vorticity rather than to anomalous winds. Hurricane
Janice (1958) is one such case. Figure 12 shows the
200-mb. contour and isotach fields at 1200 amT on October6,
1958, 6 hours before hurricane winds were first observed.
The position of the incipient hurricane was directly
below the warm side of a jet stream core where negative
vorticity is known to occur {1]. In the present case, the
anticyclonic wind shear above the surface position of the
disturbance is estimated at 1.5 X 107*sec.™!; this, coupled
with the fact that the streamlines (not shown) were only
slightly cyclonic, would indicate that negative absolute
vorticity did in fact occur. The cyclonic streamlines
and the configuration of the contours make it unlikely
that anomalous winds could have developed in this area
at this time.

Thus Daisy and Gracie, on the one hand, and Janice,
on the other hand, represent two categories of hurricanes.
Both categories are triggered by dynamic instability
in the upper levels. But in the case of Daisy and Gracie
instability was initiated by the development of anomalous
winds, whereas in the case of Janice the instability appears
to have been initially due to negative absolute vorticity.

It would be interesting to study the similarities and
differences in structure and behavior of the above two
categories of hurricanes.
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Ficure 12.—200-mb. isotachs (solid lines) and contours (thick
dashed lines) at 1200 amT, October 6, 1958. Black dot shows
the surface position of Janice 6 hours before hurricane winds
were first reported.

6. CONCLUSION

We have attempted to demonstrate that dynamic
instability is an essential factor in triggering hurricane
formation. The initial release of this instability depends,
at least partially, on the accidental drift of the proper
upper flow over the surface disturbance. This would
account for the comparative rarity of hurricanes. On the
other hand, hurricane formation is closely linked to the
convective bands which occur in association with the
surface disturbance [8] and it is likely that instability
develops as a result of the interaction between these
convective bands and the upper-air flow. But the exact
manner of this interaction and the comparative contribu-
tion of each of the two factors to the ultimate result is
not known and offers a promising avenue for further
research.

Once the hurricane is successfully triggered, dynamic
instability Is maintained by the circulation inside the
hurricane. This built-in mechanism would account for
the apparent ability of hurricanes to persist almost
indefinitely so long as their source of energy, latent
heat of condensation, is not cut off.
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